We used two kinds of adeno-associated virus (AAV) vectors to transduce the neomycin resistance gene into human cells. The first of these (d152-91) retains the AAV rep genes; the second (d13-94) retains only the AAV terminal repeats and the AAV polyadenylation signal (428 base pairs). Both vectors could be packaged into AAV virions and produced proviral structures that were essentially the same. Thus, the AAV sequences that are required in cis for packaging (pac), integration (int), rescue (res), and replication (ori) of viral DNA are located within a 284-base-pair sequence that includes the terminal repeat. Most of the G418r cell lines (73%) contained proviruses which could be rescued (Res') when the cells were superinfected with the appropriate helper viruses. Some produced high yields of viral DNA; others rescued at a 50-fold lower level. Most of the lines that were Res' (79%) contained a tandem repeat of the AAV genome (2 to 20 copies) which was integrated randomly with respect to cellular DNA. Junctions between two consecutive AAV copies in a tandem array contained either one or two copies of the AAV terminal palindrome. Junctions between AAV and cellular sequences occurred predominantly at or within the AAV terminal repeat, but in some cases at internal AAV sequences. Two lines were seen that contained free episomal copies of AAV DNA. Res' clones contained deleted proviruses or tandem repeats of a deleted genome. Occasionally, flanking cellular DNA was also amplified. There was no superinfection inhibition of AAV DNA integration. Our results suggest that AAV sequences are amplified by DNA replication either before or after integration and that the mechanism of replication is different from the one used during AAV lytic infections. In addition, we have described a new AAV general transduction vector, d13-94, which provides the maximum amount of room for insertion of foreign DNA and integrates at a high frequency (80%).
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Adeno-associated virus (AAV) is a human virus (7) which contains a single-stranded DNA genome approximately 5 kilobases (kb) in length (4, 6, 42) . The virus can be propagated either as an integrated provirus or by lytic infection (1, 20, 21) . Except under special circumstances (38, 47) , AAV requires the presence of a helper virus for a productive infection; the helper virus can be a member of either the herpesvirus or adenovirus family (1, 10, 32, 35) . When no helper virus is available, AAV is capable of establishing a latent infection in which the viral genome exists as an integrated provirus in the host cell (3, 5, 11, 15, 21) . If a latently infected cell line is later superinfected with a helper virus, the AAV provirus is excised and proceeds through a normal productive infection.
The viral genome consists of a linear DNA molecule with inverted terminal repeats (145 base pairs [bp] ). The first 125 bp of the terminal repeat is a complex palindrome which can exist in either of two orientations (30) . Genetic analysis of AAV has revealed at least four regions of the genome with distinct phenotypes (see Fig. 1 ). The terminal repeats are the origins for lytic DNA replication (16, 37, 39) and appear to initiate DNA synthesis by a hairpin priming mechanism (29, 43) . The first 15 to 20 bp of the terminal repeat has also been shown to facilitate excision of AAV DNA from recombinant plasmids (J. Gottlieb and N. Muzyczka, Mol. Cell. Biol., in press). The lip and cap regions code for the viral capsid proteins (2, 17, 22, 23, 42, 44) and are synthesized from transcripts that are initiated by a promoter at map position 40 (12-14, 28, 42) . The rep region codes for a family of four nonstructural proteins (33, 42) which are required for lytic * Corresponding author.
DNA replication (17, 44) and for the control of viral gene expression (24, 25, 46) . The Rep proteins are coded for by a family of four transcripts synthesized from the p5 and p19 promoters (28, 31) . All AAV transcripts appear to terminate at a polyadenylation signal at map unit 95 (42) .
Although a substantial amount is known about AAV DNA replication and the genetic organization of the virus, relatively little is known about AAV integration. Previous studies of AAV latent infection have focused primarily on cells containing wild-type (wt) proviruses. Because AAV contains no selectable markers, these studies have relied on cell lines that (of necessity) were selected on the basis of containing an intact provirus that was capable of being rescued (3, 5, 11, 15, 20, 26) . Genomic hybridization studies of these cell lines (3, 11, 26) indicated that they did, indeed, contain intact viral DNA, but it was not clear whether the absence of rearrangements was typical of all cells that might contain AAV sequences. In addition, these studies indicated that AAV DNA had integrated into host chromosomes in random positions with respect to cellular sequences and that the provirus usually occurred in the form of a tandem concatemer. It was not known which AAV sequences were essential for integration and rescue, whether all latently infected cells that contained an intact provirus could be rescued, or whether any AAV gene product influenced the frequency of integration.
We have previously suggested that the properties of AAV might make it useful as a general transduction vector. We also have shown that a selectable marker, when substituted for the viral capsid genes, could be introduced into human cells by AAV-mediated transduction (18) . In (17, 18) . The vector d13-94 was constructed by ligating a BglII-EcoRV double digest of the two plasmids d13-49 and d149-94. d149-94 has been described previously (17) . d13-49 was constructed by partial digestion of pSM620 (36) with BstNI to remove AAV sequences between map units 3 and 49 followed by the insertion of a BglII linker at the site of the deletion. Because of the close proximity of the palindromic AAV termini in d13-94, the AAV ends were unstable in Escherichia coli HB101 and were rapidly deleted. To maintain the integrity of the AAV termini, we constructed a variant of dl3-94 which contained a stuffer insert that separated the ends of AAV. The variant was called d13-9412 and was constructed by ligating a KpnI-EcoRV double digest of the two plasmids d13-49 and dl49-94. This produced a plasmid which contained a 2.3-kb stuffer insert consisting of internal AAV sequences. BglII digestion removes the stuffer insert, leaving the dl3-94 AAV deletion. We have subsequently discovered that d13-94 can be maintained stably in E. coli JC8111 (8) Titer of recombinant viral stocks. The titer of the dl52-91/neo stock was previously described (18) . The method for determining the wt virus contamination in both the dl52-91/neo and the dl3-94/neo stocks was as previously described (18) . The titer of the d13-94/neo stock was measured in two ways. The first method was a modification of that described previously (18 (40) , and hybridized to 32P-labeled nick-translated probes as previously described (34) . dl52-91/neo plasmid DNA was the probe for clones that had been transduced with d152-91/neo virus. For clones that had been transduced with dl3-94/neo virus, the probe was pNeo (41) , which contains only the procaryotic neomycin sequences present in d13-94/neo.
Rescue assays. Each of the transformed cell lines was tested for the ability of the AAV recombinant provirus to be rescued in the presence of adenovirus. Adenovirus type 2 at an MOI of 2 was added to the cell line; for cell lines transformed with dl3-94/neo virus, AAV was also added (to provide rep functions) at an MOI of 1. At 40 to 48 h postinfection, low-molecular-weight DNA was isolated by the method of Hirt (19) , fractionated on a 1.4% agarose gel, transferred to a nitrocellulose filter (40) , and probed with 32P-labeled pSM620, dl52-91/neo, or pNeo-specific probe. Rescue of the provirus was indicated by the presence of a dl52-91/neo or a d13-94/neo band of monomer, duplex size. The identity of the band was confirmed by restriction endonuclease digestion.
Transduction frequencies were calculated as previously described (18) and represented the average of five experiments. The transduction frequency determined from low-MOI infections took into account the number of viral infectious units (as determined by the titer) which were actually being used to infect the cells. The frequency was calculated as the number of transductants per infectious unit x 100. For example, at an MOI of 0.03 on 10,000 cells, only 300 infectious virus units are being added to the cells, and 300 G418r colonies would then represent a transduction frequency of 100%. The number of double hits under these conditions was considered negligible. For d13-94/neo, five individual experiments were done in which 0.10 ml of virus stock (104 infectious units/ml) was used to infect approximately 32,000 D6 cells in a microdilution plate. On day 1 after infection the cells were transferred into 10-cm dishes, and G418 selection was applied on day 3. The number of G418r colonies ranged from 656 to 1,027 per experiment. dl52-91/neo transduction frequencies were determined in a similar way, and the frequencies obtained confirmed those reported previously (18) . The 61 individual clones were tested for their ability to be rescued, and 42 were further analyzed by genomic hybridization. After being picked, the clones were maintained in the absence of G418. No significant loss of G418 resistance was seen up to 100 passages after isolation of the clones.
RESULTS
Location of AAV packaging sequence within a 280-bp sequence that includes the terminal repeats. The two recombinant AAV clones used in this study are illustrated in Fig. 1 . d152-91/neo has been previously described (18) . It contains the AAV rep genes which are required for autonomous replication (17, 44) and for the control of AAV gene expression (24, 25, 46 d13-94/neo, the SV40-neo cassette was inserted into the BglII site just downstream of the left-hand AAV terminal repeat.
Both dl52-91/neo and d13-94/neo were successfully used to produce viral stocks by complementation with a recombinant AAV genome, ins96/X-M (18), which supplied the missing AAV gene products in trans but was itself too large to be packaged. The d152-91/neo stock had been previously characterized and was found to contain 106 infectious units/ml, of which approximately 20% consisted of wt virions (18 (Fig. 2, S103 , S108, S109, and Sill). Other lines produced yields of DNA that were 50-to 100-fold lower. These two types of proviral lines were arbitrarily called highand low-rescue clones, respectively (Tables 1 and 2 ). The products of rescue were the expected mixture of monomer duplex linear DNA (which is the major AAV replicative form), concatemeric duplex molecules, and single-stranded progeny DNA (Fig. 2) . A few low-rescue lines ( Fig. 2, S107 ; (40) . In all, 42 of the clones were analyzed. In each case, the genomic DNA was digested with restriction enzymes that cut once, more than once, or not at all within the proviral genome and hybridized to the appropriate probe. To determine whether the cellular AAV junction occurred at the terminal repeats of AAV, we also digested the DNA with enzymes that cut near the terminal repeats of the proviral genome. Finally, in each case, the intensities of digested bands were compared with those of known standards or with those of clones which were known to contain only one copy of the provirus to determine the copy number for each clone. The results are summarized in Table 2 , and representative examples of the genomic hybridizations are shown in Fig. 3 to 5. Our observations of AAV proviral structures can be summarized as follows.
Presence of tandem repeats of the recombinant AAV genome in nearly all of the Res' clones. If the provirus were integrated in the form of tandem repeats, we would expect to see a genome-sized fragment when cellular DNA was cut with a restriction enzyme that cuts once within the recombinant genome. When d152-91/neo transductants were cut with BgIII or BamHI, most of them produced a genomesized band of 4.7 kb (Fig. 3A and 4) . Figure 5 illustrates the pattern for several d13-94/neo transductants that were cut with BglII to produce a common fragment of 2.3 kb. Of 28 Res' clones (Tables 2 and 3) , only four clones apparently contained an integrated, single-copy provirus that could be rescued (S112 to S115). Because of the limitations of genomic blotting, we could not be certain that these clones did Al   A4   A3   A2  A2  A2  A2  A2   3  2  3  1  3   1  1  1  1  1  1  3  1  1  1  3  3 a Clones beginning with H and C were transduced with d152-91/neo; S clones were transduced with d13-94/neo. H clones were transduced at an MOI of 0.1; C clones were transduced at an MOI of 1, except for C6KB10, which was transduced at an MOI of 10; S clones were transduced at an MOI of 0.03. All of the clones shown in Table 2 , with the exception of C6KB10, were derived from D6 cells.
b A clone was considered to have one full-length copy if it contained a genome-length fragment when digested with a one-cut enzyme or intact internal fragments when digested with enzymes which cut in the terminal repeats, i.e., SmaI, BalI, or Bgll.
The copy number was estimated by comparing band intensities on the same gel with those of a clone which by restriction analysis contained only one copy.
At least two different kinds of digests were used to estimate each clone.
d The number of independent integration sites per clone was estimated by counting the number of fragments produced by restriction enzymes which did not cut the proviral genome or cut only once.
Clones contained a full-length tandem if they produced a genome-sized fragment when cleaved by a restriction enzyme that cut only once. Two clones (C2D1 and S107) containing a tandem repeat of a deleted res+ genome were also classified as having full-length tandems. Numbers in parentheses indicate whether the proviral concatemer contained one or two copies of the terminal repeat at each AAV-AAV junction.
f Number of days after infection before G418 selection was applied. g The type of proviral structure in the clone refers to the types illustrated in Fig. 7 . Abbreviations: C, complete genome; A, altered genome. In general, only clones that contained one chromosome integration site could be assigned to one or another class. In the case of S102, sufficient information was available to catalog both transductants. The not also contain at least a partial duplication of the provirus. One of these clones (S114; Table 2), as well as one of the concatemeric clones (C2D1 and S107; Table 2 and Fig. 2) , rescued a genome that contained a deletion.
Occurrence of integration at only one location at a random site within host chromatin. By using restriction enzymes that did not cut within the proviral sequences or enzymes that cut only once, we could estimate the number of discrete sites in host DNA at which integration had occurred in each clone. Most clones (74%) contained only one cellular integration site (Table 3) , and this was true regardless of whether the transductant was Res' or Res-( Table 2) ( Fig. 5 , clone S101) contained more than two integration sites. In addition, digestion of each clone produced a unique pattern of fragments, suggesting that AAV was integrating randomly with respect to cellular sequences.
Episomal copies of the AAV genome in some clones. If a clone contained free episomal copies of an AAV recombinant genome, a characteristic set of bands should appear when genomic DNA is digested with a particular enzyme. For d152-91/neo digested with BglII, these fragments would be 3.1 and 1.6 kb in length. Two clones infected with d152-91/neo produced bands of these sizes (Fig. 4 , clones C1OD2 and C1OD3). When we probed undigested DNA from these two clones, we confirmed that they did indeed contain unintegrated linear copies of d152-91/neo (data not shown). We note that Cheung et al. (11) also found that a cell line containing an integrated provirus could, upon continued passage of the cell line, generate linear episomal copies of the provirus. This implies that rescue can occur in the absence of a helper virus infection.
Presence of one or two copies of the terminal palindrome in AAV-AAV junctions. The number of copies per tandem repeat was 2 to 20. In general, high-rescue clones contained longer tandem arrays than low-rescue clones did, but the correlation was not absolute (Table 2 ). For example, S101 contained a tandem array with approximately 10 copies but rescued poorly, whereas S109 had a three-copy tandem repeat which rescued quite well ( Fig. 2 and 5 ; Table 2 ). To determine the number of copies of the AAV terminal repeat at an AAV-AAV junction within a tandem array, we digested nine clones of the S series with PstI (Fig. 6) . If only one copy (Table 2) . There was no correlation between the type of AAV-AAV junction present and the frequency of rescue. Location of most AAV-cellular junctions at or near the AAV terminal sequences. Previous studies of wt proviruses (11, 26) had suggested that proviral junctions with cellular DNA occurred preferentially near the termini of AAV. To determine whether this was the case with recombinant proviruses, we digested a number of clones with enzymes (SmaI, BalI, and BglI) that cut within or near the terminal repeats of AAV (30 to 650 bp from the ends). If the digests produced only the expected internal AAV banids, then the cellular-AAV junctions must be near the ends of AAV; if additional junction bands were seen, then one of the sites near an ernd must be missing and recombination with cellular sequences must have occurred at an internal position within proviral sequences. We note that interpretation of these experiments was difficult for several reasons. First, the apparent absence of a site could have been due to methylation of the restriction site. Second, the absence of a clear junction band could be due to our inability to resolve it in the size range chosen for agarose gel electrophoresis. Third, the presence of ajunction band might be due to a cryptic genome integrated at a different location. Despite these difficulties, the results suggested a clear trend. Types of proviral structures. The diagram summarizes the types of proviral structures found in this study. Proviruses have been classified on the basis of structure into two major groups: C (complete genome) and A (altered genome). Group C proviruses represented 73% of the total and contained at least one complete viral genome which was Res'. Group A proviruses contained altered genomes that were Res-. These two major groups have been further subdivided on the basis of structure as shown the figure. For example, Cl proviruses contained a concatemer in which both cellular-AAV junctions were at an AAV end, C2 proviruses contained one cellular junction at an AAV end and the other at a random position with respect to AAV sequences, whereas C3 proviruses contained only a single copy of the AAV recombinant genome. Symbols:
, AAV sequences; -----, flanking cellular DNA which has been tandemly repeated; *, AAV terminal repeats; 1, sites of deletion-recombination. Examples of each structure are indicated in Table 2 under the designation Type; some of the altered structures are shown in more detail in Fig. 8 . The fact that AAV-AAV junctions frequently contained only one copy of the terminal palindrome is not shown in this diagram.
intact and cellular DNA junctions occurred near an AAV end. The C3 class consisted of clones in which apparently only a single copy of the AAV genome had been integrated. The members of each class are listed in Table 2 .
The three remaining Res' clones appeared to have proviruses that had recombined with cellular DNA at internal sequences. In these three clones, only one of the cellular DNA junctions occurred at an internal AAV position; the other junction was near an AAV end. We arbitrarily called this type of structure C2 ( Fig. 7 ; Table 2 ). For example, HN51 was approximately 1.6 genomes in length and consisted of a tandem repeat in which one end of the concatemer was joined to cellular DNA near an AAV end and the other had recombined between the BainHI and EcoRI sites of d152-91/neo (Fig. 3A) . Presence of deleted proviruses and one of several different proviral structures in Res-clones. Virtually all the Resclones harbored a provirus that contained a deletion ( Table  2) . Some of these clones (5 of 12) contained less than one copy of the input viral genome and were found to have deletions that removed at least one end of the genome (Fig.  7 , provirus A2; Table 2 ). The remaining Res-clones had more complex proviral structures. One clone, C102 ( Fig. 4 ; Table 2 ), was found to be a tandem repeat of a d152-91/neo genome that had suffered an internal deletion within the AAV rep gene (Fig. 7 , provirus Al). This provirus was similar to the Res' clone S107 ( Fig. 2 and 5 ; Table 2 ) and C2Dl ( Fig. 4; Table 2 ), which also contained a tandem repeat VOL. 62, 1988 on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from of an internal deletion. Finally, several of the Res-clones contained tandem repeats of defective proviruses in which both the proviral DNA and flanking cellular DNA had been reiterated (Fig. 7, proviruses A3 and A4) . For example, when HN14 was digested with SmaI, an enzyme that cuts within the AAV terminal repeat, the clone was found to have approximately six copies of a dl52-91/neo genome that contained a small deletion in the rep gene (Fig. 3B) . This was confirmed by digestion with BalI and PstI (results not shown).However, digestion of HN14 with single-cut enzymes such as BgIII (Fig. 3A) or BamHI (results not shown) produced fragments much larger than the one expected from a simple tandem repeat of dl52-91/neo. We concluded that HN14 consisted of a tandem repeat of proviral DNA and flanking cellular DNA (Fig. 7, provirus A4) . The repeat unit appeared to be 22 kb. A similar analysis was done for HN41 (Fig. 3A), HN65 (Fig. 3B) , and one of two tandem arrays present in S102 (Fig. 5) . In S102 the aberrant tandem array could be distinguished from the conventional tandem repeat because of its high copy number. The simplest structures for all four of these cases are diagramed in Fig. 8 . In each case we have indicated the enzymes that were used to derive the structure. Although each structure is consistent with the restriction fragment pattern that we saw, it represents only one of several possible structures that could have been proposed.
Possibility of more than one provirus type in a cell line. Two cell lines contained both a recombinant AAV/neo provirus and a wt AAV genome. For example, S101 (Fig. 2) contained a dl3-94/neo provirus that was rescued when the cells were superinfected with only adenovirus. This was subsequently shown to be. due to the presence of a wt AAV provirus that was also capabie of rescue and could complement the rep defect of dl3-94/neo. The presence of a wt provirus in S101 and S118 (Table 2) was presumably due to the fact that the dl3-94/neo viral stock used in this study was contaminated with wt virus. We presume that some of the clones that contained the rep' dl52-91/neo provirus also contained wt AAV proviruses, but because the size of dl52-91/neo is virtually identical to that of wt AAV and because dl52-91/neo is capable of replicating autonomously following adenovirus rescue, no attempt was made to identify these clones.
This observation raised the question of whether an endogenous AAV provirus would inhibit the integration of superinfecting AAV genomes. To find out, we infected a D5 cell line (which contains a wt AAV provirus) with dl52-91/neo.
The wt proviral line (D5) had been previously characterized as a low-rescue line (18) which contained two to five tandem copies of wt DNA (11) . We found no difference in the transduction or rescue frequencies between the parental D6 cell line, which contained no AAV DNA, and the D5 line (data not shown). We concluded that there was no superinfection inhibition for the integration of AAV proviruses.
DISCUSSION
Presence of all essential cis-active sequences at the ends of d13-94. dl3-94 contains only the AAV terminal repeats and the 139 bp of nonrepeated sequence adjacent to the righthand terminal repeat. The fact that foreign DNA cloned into dl3-94 can be successfully packaged into virions and integrated into host chromosomes indicates that the AAV packaging signal (pac) and a possible integration signal (int) are contained in the 284 bp of AAV sequences retained in d13-94. Furthermore, the fact that most of the d13-94/neo transductants could be rescued implies that the terminal repeats also contain a site required for excision or rescue (res) of AAV genomes from mammalian chromosomes. Finally, we and others have previously shown that the terminal repeats are the origins for DNA replication (16, 37, 39 Labow et al. (24, 25) and Tratschin et al. (46) that the AAV Rep protein can repress gene expression under some conditions. In particular, Labow et al. (24) demonstrated that the wt AAV rep gene, but not mutant Rep proteins, had an inhibitory effect on calcium phosphate-mediated transformation when a selectable marker driven by an SV40, herpesvirus tk, or mouse metallothionein promoter was used.
The repression by rep of heterologous promoters raised the question of whether AAV viral infection at high MOI was lethal to cells. Laughlin et al. (26) reported no difference in plating efficiency of cells infected by AAV at an MOI of 100. We infected nontransformed cells with an MOI of 1,000 and also saw no effect on cell viability (data not shown). Thus, repression by rep either is a transient phenomenon from which the cell recovers or affects only some cellular promoters. The fact that there was no difference in the transduction frequency of a cell line carrying a wt AAV provirus (D5) and that of its parental line (D6) suggests that rep-mediated repression may be transient and that once the provirus is integrated, rep expression is reduced.
Presence of intact provirus in most transduced lines. A major question about AAV integration has been whether there is a specific mechanism of integration with respect to AAV sequences. Previous studies of wt AAV integration have relied primarily on the ability to rescue an intact genome to select for cells that contained a provirus (3, 11, 26) . Because of the nature of the selection, only cells that contained an intact provirus were examined. In this study we used the neomycin resistance gene as the selectable marker, and the AAV sequences were nonessential. If there were no mechanism for maintaining the integrity of AAV proviral sequences, we would have expected the frequency of rescue to be low. In fact, the frequency of rescue in most experiments was greater than 80%. Furthermore, when we compared d152-91/neo, and d13-94/neo; there was no significant difference in their ability to integrate an intact provirus, even though more than half of d152-91/neo was nonessential during G418 selection. We conclude, then, that there is a mechanism for maintaining the integrity of AAV DNA during integration which involves the AAV terminal repeats.
Integration of intact proviruses by AAV via concatemers. Most of the clones (86%) that had an intact viral genome (Res') contained a proviral concatemer. When we examined Res-clones, most of these also contained concatemers (although with defective genomes) and the remainder were single-copy clones. Concatemers therefore appear to be an essential feature of AAV integration, and any model for AAV integration must account for their formation. We note that Cheung et al. (11) and Laughlin et al. (26) saw similar proviral structures with wt AAV. However, in a study by Tratschin et al. (45) , four of four proviruses in the adenovirus-transformed 293 cell line were not concatemers. In 293 cells the constitutive expression of the adenovirus transforming genes may have intefered with normal AAV integration (27 AAV replication by a different mechanism during integration. During lytic infections AAV replicates by a mechanism that leads to the synthesis of head-to-head or tail-to-tail concatemers. Therefore, the mechanism of replication used during integration to synthesize proviral concatemers must be different from that used during lytic infections. This point was also made by Laughlin et al. (26) . The features that must be explained by any mechanism of AAV integration (Fig. 8) are (i) the conversion of single-stranded input DNA to a duplex form, (ii) the formation of tandem genomic repeats, (iii) the presence of one or two copies of the 125-bp terminal palindrome at AAV-AAV junctions, (iv) the presence of AAV termini at most junctions with cellular DNA, (v) the fact that some proviruses can be rescued more efficiently than others, and (vi) the fact that the AAV termini contain the sequences required in cis for integration. A (29, 37) . The replication of the deletion mutants is delayed following transfection either because they lack an AAV sequence that facilitates excision (Gottlieb and Muzyczka, submitted) or because they have to reconstruct a wt origin by gene conversion (37 
